properties have rendered PEG hydrogels useful for conducting experiments that are largely 1 1 1 intractable on static plastic or glass surfaces. Examples of such studies have been reviewed 1 1 2 elsewhere (7-9). Here, an advanced PEG hydrogel system with light-tunable properties was used 1 1 3 to investigate how neonatal rat ventricular myocytes (NRVMs) respond to a simultaneous 1 1 4 presentation of substrate stiffness cues and patterns. 1 1 5 1 1 6
The stiffness (as assessed by Young's modulus) of healthy neonatal rat myocardium is 1 1 7 ~4-11kPa, and the stiffness of healthy adult rat myocardium is ~11-46kPa. The stiffness of 1 1 8 infarcted areas in adult rats can reach up to 56kPa (10), while the stiffness of hearts with other 1 1 9 fibrotic diseases ranges from . In the native myocardium, cells are arranged in 1 2 0 a parallel, "brick-wall" pattern, while in fibrotic disease, there are numerous changes in the 1 2 1 alignment of cardiac myocytes and in the composition and orientation of ECM proteins (14).
2 2
Other groups culturing cardiac myocytes on hydrogels and flexible surfaces have demonstrated 1 2 3 that cardiac myocytes exhibit greatest striation and maximum work and contractile force on 1 2 4 substrates with stiffnesses between 10-17kPa, which closely matches the stiffness measured in 1 2 5 neonatal and embryonic hearts (15, 16) . Culturing cardiac myocytes on soft hydrogel substrates 1 2 6 also attenuates the expression of pathological (fetal) genes such as Nkx2.5 and Anf (Nppa) (17, 1 2 7 18). 1 2 8 1 2 9
Beyond control of the matrix mechanical properties, techniques such as molding and 1 3 0 microcontact printing have been used to recreate the patterned arrangement and aspect ratio of 1 3 1 1 3 2 both greater when NRVMs are cultured on patterned substrates than on smooth surfaces (20, 26 μ m 2 islands (28, 29) leads to higher levels of 1 3 6 sarcomeric alignment than on isotropic surfaces. From a functional perspective, NRVMs 1 3 7 cultured on patterned substrates generate greater peak systolic stress than cells cultured on 1 3 8 isotropic substrates (20, 27 In recent years, a number of studies have revealed that constraining cardiomyocytes to 1 5 7 different dimensions can result in changes in morphological and functional properties. The 1 5 8 current study described here builds from this foundational work by examining whether 1 5 9 7 Serca2a expression on 10kPa gels ( Figure S1 and Table 1 ). During aging and disease, ATP2a2 is 2 7 0 downregulated (38), while Cav1.2 expression is reduced in pressure overload conditions (39).
7 1
Varying substrate stiffness between 10kPa and 35kPa while presenting a range of pattern aspect 2 7 2 ratios did not replicate the fold changes observed in disease models. The results suggest that a 2 7 3 larger range of substrate stiffness or pattern shapes may be necessary to produce changes in 2 7 4 calcium handling genes that are observed in disease. Markers of ECM remodeling, such as connective tissue growth factor (Ctgf) and collagen 2 7 8 type 1 alpha 1 (Col1a1) expression, were differentially regulated by substrate stiffness and by 2 7 9 pattern aspect ratio ( Figure S2 ). Ctgf expression on all gel samples was significantly reduced by 2 8 0 at least two-fold relative to TCPS. Ctgf expression was also significantly higher on stiff gels for 2 8 1 several pattern geometries, and regression slopes were significant for both soft and stiff gels 2 8 2 samples. These results suggest that both substrate stiffness and pattern aspect ratio affect Ctgf 2 8 3 expression. Neither pattern aspect ratio nor gel stiffness significantly affected matrix 2 8 4 metalloproteinase 2 (Mmp2) expression; however, Mmp2 expression on soft gels with 1:1 and 2 8 5 2:1 patterns was significantly greater than on TCPS ( Figure S2 ). Col1a1 expression was 2 8 6 significantly lower on soft gels than on TCPS, but differences between soft and stiff gels were 2 8 7 not significant. Regression slopes for Col1a1 expression were also not significant for soft and 2 8 8 stiff gels. In vivo, cardiac myocytes experience both mechanical and topographical changes to their 2 9 2 microenvironment during development, physiological remodeling, and disease (10, 12).
9 3
Although many diverse animal models exist to test hypotheses generated from clinical 2 9 4 observations, some hypotheses require in vitro systems as they offer much higher levels of 2 9 5 control than an animal. However, in vitro models have lagged behind animal models in terms of 2 9 6 providing a flexible system that can model both physiologic and pathologic cardiac states. Thus, 2 9 7 a critical need in the field of cardiac biology is an in vitro system that recapitulates the (1) examining all four stated aspects of cardiomyocyte biology. In addition, the feature sizes were 3 0 9 micron size and smaller than a typical NRVM. Thus, rather than physically constraining the 3 1 0 NRVM artificially with topography, the hydrogels promote cell-interactions and allow the 3 1 1
NRVMs to spontaneously align based on their underlying focal adhesions with the substrate. In 3 1 2 this way, the hydrogel recapitulates aspects of an organized ECM-interaction and its influence on 3 1 3 mechanotransduction. We hypothesized that the conditions in which the cardiomyocytes were 3 1 4 best aligned on the softer gels (10kPa) would preserve the most physiologic phenotype because 3 1 5 the healthy neonatal myocardium is characterized by this modulus and by well-aligned cells.
1 6
Initial experiments revealed that NRVMs cultured on patterned hydrogel substrates 3 1 7 formed mature sarcomeres. Spontaneous contraction was also observed in all experimental 3 1 8 groups. Importantly, cell density appeared similar across all groups. These observations 3 1 9 suggested to us that NRVMs cultured on PEG hydrogels maintained a cardiac phenotype and that 3 2 0 our hydrogel system was suitable for more in-depth characterization of cells cultured using this 3 2 1 platform. Biochemical and image analysis measurements indicated that both substrate stiffness 3 2 2 and topography are significant factors that ultimately determine alignment, morphology and gene 3 2 3 expression of NRVMs (Table 1) . For many of the readouts that we investigated, the largest fold 3 2 4 changes were observed only when varying both substrate stiffness and patterning. For example, 3 2 5 although cellular alignment was highest on 35kPa gels with ∞ :1 aspect ratio patterns, fractional 3 2 6
shortening was actually the lowest under those conditions. Anf and Acta1 expression was lowest 3 2 7 on 10kPa gels, but increased with increasing aspect ratio on gels regardless of the underlying 3 2 8 stiffness. These results suggest that optimal levels of gene expression and contractility may occur to different aspect ratios. They demonstrated that such a platform resulted in better 3 5 5 differentiation and higher mechanical output (29).
5 6
In contrast, our study evaluated whether cardiomyocytes would spontaneously adapt to 3 5 7 micropatterned substrates. We photo-eroded small micropatterns (~1000μm 2 ), less than the size 3 5 8 of single cells, to direct cell alignment without forcing a particular cell shape and aspect ratio 3 5 9 through adhesion islands, as is the common approach in published studies (29, 40) . We interpret 3 6 0 9 the spontaneous molecular, structural, and functional changes we observed to represent a true 3 6 1 signal-response relationship between the environment and the myocyte that may more accurately stretching of the myocardium and increased matrix stiffness sensed by the myocytes (49).
2 8
Expression of Acta1 has been positively correlated with contractile function (50), a phenomenon 4 2 9
we observed with increasing aspect ratio on 10kPa substrates. However, our study also supports 4 3 0 the observation that Acta1 expression increases with increasing disease burden as we measured 4 3 1 the highest levels of Acta1 on 35kPa gels with ∞ :1 patterns, where we also measured lowest 4 3 2 fractional shortening ( Figure 5) . Notably, we measured as great an increase in Anf and Acta1 4 3 3 expression due to increasing the pattern aspect ratio as due to increasing the substrate stiffness.
3 4
These data suggest that patterning had a greater effect on Anf and Acta1 when presented in stiff 4 3 5 environments compared to soft.
3 6
Matrix remodeling, alterations in normal calcium handling, and a decrease in the 4 3 7 αMHC/βMHC ratio are also seen in cardiac disease (51). Connective tissue growth factor 4 3 8 (CTGF) is induced during heart failure (52). It is upstream of many ECM remodeling pathways morphology. However, this study reveals that a broad range of cellular metrics (i.e., physical, 5 1 6 morphological, functional, and molecular) must be tested in order to fully evaluate the health of a 5 1 7 cardiomyocyte: gross readouts such as cell morphology can be misleading when considered 
7 1
After 24 hours, cells were washed, and the media was changed to one consisting of MEM, 
